The inner ear has been regarded as an immunoprivileged site because of isolation by the blood-labyrinthine barrier. Several reports have indicated the existence of immune cells in the inner ear, but there are no reports showing immunocompetence of the cochlear tissue. In this report, we examined the potential involvement of retinoic acid inducible gene-I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5), which are critical for initiating antiviral innate immune responses. We found that RIG-I and MDA5 are expressed in the mouse cochlear sensory epithelium, including Hensen's and Claudius' cells. Ex vivo viral infection using Theiler's murine encephalomyelitis virus revealed that the virus replicates in these cells and that protein levels of RIG-I and MDA5 are up-regulated. Furthermore, the critical antiviral transcription factor, interferon (IFN) regulatory factor-3, is activated in the infected cells as judged by its nuclear translocation and the accumulation of type I IFN transcripts. These results strongly suggest that RIG-I and MDA5 participate in innate antiviral responses in cochlear tissue.
Introduction
The inner ear has been regarded as an immunoprivileged site like the central nervous system, or the cornea or the retina of the eye because of isolation by the blood-labyrinthine barrier [1] [2] [3] . Several studies have recently revealed the presence of immunocompetent cells in the cochlea, the vestibular end organ, and the endolymphatic sac [4] [5] [6] [7] . These reports indicate the existence of immune cells in the inner ear tissue, but there are no reports which indicate that the cochlear tissue itself possesses immunocompetence.
Higher animals such as Homo sapiens have two kinds of immunocompetence, innate and adaptive immunity, when viruses or bacteria infect the body [8] . Adaptive immunity, specific immune reactions to antigens, is very effective and acts by establishing immunological memory, but it requires education through exposure to antigens, thus requiring a time period of more than one week. In contrast, innate immunity is operative soon after initial infection and plays critical roles in guiding adaptive immunity.
Retinoic acid inducible gene-I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5), which encode a helicase domain and two tandem repeats of caspase recruitment domain, were identified as a sensor of viral double-stranded (ds) RNA [9] [10] [11] [12] [13] . Once RIG-I or MDA5 is activated, the signal is transmitted through adaptor molecules finally resulting in the activation of transcription factors, interferon (IFN) regulatory factor (IRF)-3, -7 and nuclear factor-B (NF-B).
IFNs are cytokines which have anti-viral activity. Primary antibodies, rabbit polyclonal anti-RIG-I (1:500), rabbit polyclonal anti-MDA5 (1:500), and rabbit polyclonal anti-IRF-3 (1:500) were described previously [9, 11, 27, 28] . The mouse monoclonal anti-dsRNA (J2 1:900, K1 The results were normalized to the abundance of internal control.
Statistical analysis
Statistical analyses were performed using the unpaired t test with P values below 0.05 considered statistically significant.
Results
3.1 Hensen's and Claudius' cells expressed RIG-I and MDA5, but their expression was absent in cochlear hair cells.
The expression of RIG-I and MDA5 was examined in the uninfected cochlear sensory epithelium by immunostaining ( Fig. 1 ). For this purpose we used antibodies that specifically detect mouse RIG-I and MDA5 by immunostaining [11, 28] . RIG-I and MDA5 were expressed weakly in the outside of the outer hair cell area (excluding outer hair cells, OHC and inner hair cells, IHC) as revealed by whole mount views ( Fig. 1 A, B ). Cryosection revealed that these cells with RIG-I and MDA5 expression corresponded to
Hensen's and Claudius' cells and cochlear hair cells (OHC and IHC), while
Deiters' cells were negative ( Fig. 1 C, D) . RIG-I and MDA5 localized mainly in the cytoplasm in these cells.
Next, we examined mRNA expression in the mouse tissues by qRT-PCR.
Messenger RNA levels of RIG-I, MDA5, IRF-3 and housekeeping GAPDH were quantified in cochlear and other tissues (Fig. 2) . Expression of RIG-I 13 and MDA5 was detectable in these tissues except expression of RIG-I and IRF-3 was very low in brain. Whereas expression of RIG-I and MDA5 was relatively high in kidney, spleen, liver and lung, where antiviral innate immunity is operative [29] . Interestingly, cochlea expresses RIG-I transcript at higher levels compared to brain. On the other hand, MDA5 expression in cochlea is comparable to that in brain. It should be noted that RIG-I and MDA5 are expressed in minor fraction of cochlear cells (Fig. 1) .
Expression of IRF-3 mRNA was ubiquitous in these tissues and consistent with a notion that IRF-3 protein level is not regulated at the level of transcription.
The expression of RIG-I and MDA5 was induced after viral infection in
the cochlea.
To evaluate antiviral response in cochlea, we used TMEV because this virus induces encephalomyelitis, therefore may have an affinity to cochlear sensory epithelia. The cochlear culture was infected with TMEV and expression of RIG-I and MDA5 was examined ( Fig. 3 ). After infection for 9
hr, dsRNA became detectable in the area of Hensen's and Claudius' cells ( Fig.   3 A, C), indicating that these supporting cells are highly susceptible to TMEV.
In these dsRNA-positive cells, the expression of RIG-I and MDA5 was dramatically increased as compared with uninfected cells (Fig. 3 B, D, Fig. 1 A, B). On the other hand, there were no dsRNA-positive cells in the hair cell layer (OHC and IHC) and their hair bundles were morphologically intact.
To examine RIG-I and MDA5 proteins, we performed Western blotting of the cochlea using specific antibodies. TMEV infection resulted in augmentation of RIG-I and MDA5 proteins (Fig. 4) . This is consistent with the notion that expression of RIG-I-like receptor (RLR) is inducible by viral infection and IFN treatment [9] [10] [11] 30 ].
Nuclear translocation of IRF-3 was induced by TMEV in supporting cells.
A transcript of IRF-3, a critical transcription factor for the activation of IFN genes, was expressed in the whole cochlea ( Fig. 2) and IRF-3 protein was accumulated in the cochlea. TMEV infection did not alter the overall protein level of IRF-3 ( Fig. 4) . Results of histochemical analysis showed that IRF-3 was detectable in Hensen's and Claudius' cells ( Fig. 5 A, B) , in which RIG-I and MDA5 are expressed. Interestingly, cellular localization of IRF-3 was dramatically changed by TMEV infection: virus-infected cells (dsRNA positive) exhibited nuclear accumulation of IRF-3 ( Fig. 5 ),
suggesting that TMEV infection activated IRF-3 in the cochlea.
Activation of IFN 4 and IFN 1 genes by TMEV infection in the cochlea.
To clarify if TMEV infection induces type I IFN in the cochlea, total RNA was extracted from uninfected-and infected cochleae, and subjected to qRT-PCR ( Fig. 6 ). In the explants without TMEV infection, there was very low transcription of IFN 4 and IFN 1. However, TMEV infection induced high levels of IFN 4 and IFN 1 gene expression ( Fig. 6 ), suggesting that the cochlea recognized viral infection and triggered an antiviral program.
Discussion
We report here that RIG-I and MDA5 are expressed in cochlear supporting cells, but not in neuronal hair cells by immunostaining ( Fig. 1 and 3) , and
Western blotting (Fig. 4) . It is reported that glial fibrillary acidic protein, a marker of glial cells is expressed in cochlear supporting cells [31] . This finding suggests that supporting cells of the inner ear are functionally similar to glial cells and may play roles similar to those of astrocytes. Glial cells are reported to detect viral pathogens in central nervous system and participate protective immune responses through signal cascades of RIG-I family [32, 33] . These findings suggest an interesting possibility that RLR molecules in cochlear supporting cells play important roles in the detection of viral pathogens in the inner ear and protects cochlear hair cells, which are essential for hearing. Our analysis revealed cell-specific expression of these sensors in the supporting cells: Hensen's and Claudius' cells, but not Deiters' cells, which are distinctly differentiated cell types [34] . Although the biological significance of this cell type-specific expression is not clear, ex vivo infection of TMEV revealed that intracellular accumulation of viral dsRNA is correlated with increased RIG-I and MDA5 levels and nuclear translocation of IRF-3, strongly suggesting that the viral infection is sensed by either of these RNA sensors and an antiviral response is triggered. Because TMEV belongs to Picornaviridae, we speculate MDA5 played a major role in our ex vivo experiment [12, 35] . This is the first report that the cochlear sensory epithelium expresses the RIG-I family and produces IFNs.
Harris et al. reported that systemic adaptive immunity has the potential to affect the inner ear [36] , and Wackym reported that herpes viral DNA was detected in temporal bone sections of Ramsay Hunt syndrome [37] . These reports strongly suggest the homeostatic and pathological role of RLR in the inner ear.
It was reported that administration of IFN  is effective to treat sudden hearing loss patients [38] . In contrast, long-term IFN treatment for viral hepatitis is suggested to cause sensory neural hearing loss [39] . In summary, IFNs may have dual roles in the cochlear sensory epithelium: 
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